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Abstract 
A bench scale experiment using a fluid pair analogous to supercritical CO2 and brine in saline aquifer is created, which allows for 
studying plume migration with physically representative properties but at experimentally convenient ambient conditions. A 
variety of heterogeneous porous media made of loosely packed silica beads are used to validate and test the persistence of local 
capillary trapping mechanism. By adjusting the boundary conditions, the capillary pressure gradient across the domain was 
manipulated. The trapped buoyant phase remained secure beneath the local capillary barriers, as long as the effective capillary 
pressure exerted by the trapped phase is smaller than the capillary entry pressure of the barrier. The local capillary trapping 
mechanism remained persistent even under forced imbibition, and the mobile phase trapped even survived a breach of caprock in 
adjacent region.  
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1. Introduction 
The security of CO2 geologic storage depends upon the trapping mechanism that counteracts CO2 plume 
migration. The trapping mechanism motivating this research is local capillary trapping (LCT), which occurs during 
buoyancy-driven migration of bulk phase CO2 within a saline aquifer with spatially heterogeneous petrophysical 
properties. When a CO2 plume rising by buoyancy encounters a region where capillary entry pressure is locally 
larger than average, CO2 accumulates beneath the region [1]. 
 
 
* Corresponding author. Tel.: +1-832-368-1651 
E-mail address: sunyuhao@utexas.edu 
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
 Yuhao Sun et al. /  Energy Procedia  63 ( 2014 )  5284 – 5293 5285
The bench scale environment presented here is analogous to CO2 and brine in a saline aquifer. It is created in a 
quasi-two dimensional experimental apparatus with dimension of 63 cm by 63 cm by 5 cm, which allows for 
observation of plume migration with physically representative properties but at experimentally convenient ambient 
conditions. A surrogate fluid pair is developed to mimic the density, viscosity and interfacial tension relationship 
found at pressure and temperature typical of storage aquifers. 
The porous media are constructed of loosely packed silica beads with various sizes. The packing and the 
boundary conditions are chosen to validate and test the persistence of local capillary trapping mechanism. By 
adjusting the fluid levels in external reservoirs attached to top and to bottom ports of the apparatus, the capillary 
pressure gradient across the domain was manipulated. Experiments were conducted with and without the presence of 
fracture/potential leakage pathway in the capillary seal. 
2. Experimental Setup 
2.1. Experimental Apparatus, Surrogate Fluids and Beads 
The experimental apparatus is a 63 cm by 63 cm by 5 cm Pyrex glass containment box with steel caps and fluid 
flow system installed (top and bottom) [2][3]. The fluid flow system can be connected with external fluid reservoirs 
such that, by opening and closing valves attached, the fluids can enter or leave the experimental domain in response 
to a gradient in potential (gravity head, buoyancy).  
A surrogate fluid pair was developed to match the viscosity ratio, interfacial tension as well as density difference 
of CO2 and brine in typical storage aquifer [4]. The fluid properties are shown in Table 1 below. 
Table 1. Fluid properties 
Fluid Phase wettability Viscosity (cP) Density (kg/m3) 
Brine  (typical storage aquifer) Wetting 0.3-0.4 ~ 1000 
Supercritical CO2 (typical storage aquifer) Nonwetting 0.05 500-700 
60% Brine + 40% Glycerol (ambient) Wetting 7.0 1084 
90% Decane + 10% Mineral Oil (ambient) Nonwetting 1.1 724 
 
The containment glass box was packed with hydrophilic beads, whose average bead size distribution and bead 
column capillary entry pressures are calculated (using interfacial tension of 27.8 dynes/cm for the brine/glycerol – 
decane/mineral oil interface and a contact angle of 100 degrees) [3]. The capillary entry pressures for packings of 
each bead size were measured in a glass column constructed for this purpose [3]. Results are presented in Table 2 
Table 2. Properties of silica beads used for packing the porous media 
Bead 
Name 
Average Bead 
Diameter (mm) 
Capillary Entry Pressure 
(Theoretical) (Pa) 
Capillary Entry Pressure 
(Experimental) (Pa) 
Max possible trapped 
oil column height (cm) 
3 mm 3.0 111 143 4.0 
2 mm 2.0 162 208 5.9 
P-230 0.5 667 887 25.1 
P-0120A 0.25 1334 1735 49.1 
2.2. Experiment Procedures 
After packing the beads and saturating the entire porous medium with aqueous wetting phase, the experiment is 
ready to start. The system is first subject to closed state, where all fluid flow in and out are shut by closing the 
valves attached, leaving the domain isolated. Then the system is switched to open state, where fluid flow lines are 
connected to external reservoirs. Positions of reservoirs determine boundary conditions for the domain. Open state 
experiment is a step forward to understand local capillary trapping mechanism. It better mimics the actual storage 
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environment, compared to closed state experiments reported in [5]. Both closed-state and open-state lab 
arrangements are shown below in Fig. 1 and Fig. 2. 
 
Fig.1. Procedure for “closed-state” boundary condition experiment enables two phase, immiscible, counter-current, buoyancy-driven 
displacement into local capillary traps. (a) Pack beads with different sizes to achieve desired heterogeneity, and saturate the entire domain with 
wetting phase (blue). (b) Inject nonwetting oil phase from the top via gravity, displacing wetting phase from the bottom. (c) Close all valves and 
rotate the containment box about the horizontal axis through middle of the domain such that the fine beads region is at top of domain to form the 
caprock (a capillary barrier to the buoyant nonwetting phase in the storage reservoir). (d) Density difference between the wetting and nonwetting 
phases drives buoyant immiscible counter current movement; fluids cannot leave the domain. (e) Mobile nonwetting phase accumulates beneath 
the capillary barrier, locally trapped. Part of the nonwetting phase are trapped in the original section as residual (red dots). 
 
Fig.2. Procedure for “open-state” experiment enables two phase, immiscible, open-boundary, counter-current and co-current displacement. (a) 
Pack beads with different sizes to achieve heterogeneity, and saturate the entire domain with wetting phase. (b) Inject nonwetting oil phase from 
the bottom via gravity, displacing wetting phase from the top. (c) Less dense nonwetting phase rises and accumulates beneath capillary barriers. 
(d) Replace the oil reservoir with an aqueous one at the same height as the top of the domain to impose hydrostatic potential gradient. (e) Raise 
the aqueous reservoir to increase the capillary pressure gradient across the domain. 
2.3. Types of Experiment Domains 
Three types of experiment domains are examined. Domain description and objectives are summarized in Table 3. 
Table 3. Types of domains 
Exp. 
No.  
Bead Diameter 
(mm) 
Domain Description Objective 
1 0.25, 0.5, 2 Layered, anticline shaped seal, close state to 
open state, hydrostatic potential boundary 
condition 
Persistence of LCT at open hydrostatic 
boundary condition 
2 0.25, 0.5, 2 Layered, anticline shaped seal, open state Persistence of LCT while determining 
threshold Pc_entry  for the seal 
3 0.25, 0.5, 3 Multiple anticline-shaped seals fill and spill, 
open state, artificial fracture in the seal 
Persistence of LCT when a fracture is 
developed in the seal 
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3. Results and Discussion 
3.1. Experiment 1 
The 0.5 mm beads comprises the ‘store’, 0.25 mm beads comprises the ‘seal’. The 2 mm beads form a top layer 
above the seal to facilitate observation of any un-trapped nonwetting phase bypassing the seal.  
 
Part 1: Traps filled in closed system. 
The procedure outlined in Fig. 1 was followed. In the first hour after flipping the apparatus (Fig. 1d), rising 
plumes of nonwetting phase hit the seal layer and accumulated beneath it. See Fig. 3. 
 
Fig.3. Experiment 1 (closed state): migration of nonwetting phase into trap reached equilibrium in 3 hours. 
The closed system reached equilibrium in about 3 hours, meaning counter-current displacement of wetting and 
nonwetting phases stopped. As shown in Fig. 3 almost all nonwetting phase was trapped in the coarse-bead region 
beneath the capillary barrier formed by the fine-bead region. In addition, a fair amount of nonwetting phases 
remained trapped as a residual saturation in the lower portion of the initially saturated region of 0.5 mm beads.  
 
Part 2: Trapping tested with open system. 
An open boundary imbibition stage was then conducted starting from the 9th hour. Hydrostatic pressure boundary 
condition was applied by connecting the aqueous reservoir to the bottom of the domain and keeping its liquid level 
the same as the top of the domain, as indicated in Fig. 2d. Results are summarized below in Fig. 4. 
 
 
Fig.4. Experiment 1 open state imposed (hydrostatic potential) after local trap filled during closed state displacement. Insets give elapsed time 
since start of buoyancy-driven displacement in closed system. 
3 hrs 60 min 50 min 40 min 
30 min 20 min 10 min t=0 
13 hrs11 hrs 9 hrs 50 min9 hrs 40 min
9 hrs 20 min 9 hrs 30 min9 hrs 10 min9 hrs
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Although migration of oil from the ‘storage formation’ along corners of the apparatus to the topmost layer of 2 
mm beads was facilitated by the opening of the valves, very little nonwetting phase was displaced out of the 
apparatus. No migration of oil from the storage layer through the interior of the sealing layer occurred. This 
confirms that 0.25 mm bead layer served as a good capillary barrier, and local capillary trapping established during 
counter-current displacement is persistent in open systems. Here the aqueous phase is at hydrostatic potential 
gradient, and upper and lower boundaries are open, so any displacement needed to accommodate buoyancy-driven 
migration of the nonwettting phase would have been possible. Thus the lack of migration is indicative of local 
capillary trapping, not of artifacts associated with boundary conditions. 
3.2. Experiment 2 
Layer of 0.25 mm fine beads was placed above anticline-shaped layer of relative coarse 0.5 mm beads.  
 
Part 1: Traps filled in open system with hydrostatic potential gradient 
The introduction of nonwetting oil phase into the domain followed the procedure in Fig. 1, same as in the 
previous Experiment 1. After the introduced oil reached a predetermined volume, injection of oil stopped and all 
valves were shut, system became closed (Fig 1c).  
In previous Exp.1, the nonwetting phase rose and filled the capillary trap in a closed boundary domain; however 
in actual storage aquifer, the potential/pressure boundaries are open. To better mimic this condition, the nonwetting 
phase was allowed to fill the trap in open-state system. To achieve this, before flipping the apparatus to start the 
buoyancy-driven nonwetting phase flow, the top and bottom valves are all connected to aqueous reservoirs, but still 
remain shut. Upon flipping, the nonwetting phase started rising (Fig 5, t=0), and all valves are opened. By setting 
the reservoirs at the appropriate relative levels, constant potential is applied to the system (hence zero gradient in 
wetting phase potential); such that the wetting phase flows only in response to movement of the buoyant nonwetting 
phase. The system now reached a state similar to Fig. 2d. In this way, the buoyancy driven uprising movement of the 
nonwetting phase took place in an open state system, instead of in a closed system in previous Exp.1. 
The initial levels are chosen so that the potential gradient corresponds to hydrostatic, and the system reached 
equilibrium in 3 hours. Fig. 5 below shows the results for nonwetting phase filling the local capillary trap under 
open hydrostatic conditions.   
   
 
 
Fig.5. Experiment 2 (open state): migration of nonwetting phase into trap with wetting phase at constant potential corresponding to hydrostatic. 
Open state was imposed from the beginning when the red-dyed nonwetting phase was rising from its initial emplacement in the bottom half of the 
domain. A zero gradient in potential (i.e. hydrostatic) was applied across the open apparatus. The system reached equilibrium in 3 hours, and 
nonwetting phase remained secure below the layer of fine beads. 
 
45 min 35 min 
25 min 
275 min 
15 min 5 min t=0 
55 min 65 min 
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Under open state hydrostatic potential boundary conditions, the uprising nonwetting phase filled the trap in about 
1 hour; in terms of time, it is very similar to the trap-filling process in closed boundary condition in previous Exp.1. 
The nonwetting phase in local capillary traps remained secure for the next 5 hours. This proves the persistence of 
local capillary trapping mechanism in open state hydrostatic boundary environment (in typical storage aquifer). 
 
Part 2: Testing security of capillary trapping  
At 430th minute after starting the experiment (flipping the apparatus to initiate buoyant flow), the aqueous 
reservoir was raised 1 inch higher such that the capillary pressure gradient in the accumulated oil column is about 
3.7 kPa/m. This gradient created a total capillary pressure of 838 Pa at the top of the oil column, which is less than 
the capillary entry pressure of the fine beads. 
The aqueous reservoir connected to the bottom was then raised to a series of different levels. Each new aqueous 
reservoir height creates a larger pressure gradient in the continuous aqueous phase within the apparatus (similar to 
Fig.2e). This correspondingly induces a larger capillary pressure gradient, and hence increases the capillary pressure 
at the top of the accumulated oil column. As long as the capillary pressure remains below the threshold pressure of 
the seal, no movement of nonwetting phase is expected. No uprising wetting phase movement occurred either, 
because the accumulated nonwetting phase at the trap disconnects the aqueous phase in the domain. In order for the 
aqueous phase in the store to rise, a continuous aqueous phase column needs to be formed between the seal and 
store. Once the threshold pressure is exceeded by the capillary pressure exerted by trapped oil, as shown in the last 
three frames of Fig. 6 below, the displacement of red dyed nonwetting phase out of the system by blue dyed wetting 
phase into the system from the bottom commences. 
 
 
Fig. 6. Experiment 2 forced imbibition in open state. The aqueous reservoir connected to the bottom of the domain was raised in small increments 
above the top of the domain (height indicated at the bottom right corner of each photograph). The blue dyed aqueous wetting phase starts entering 
the system (indicated by orange circle) when the aqueous reservoir was raised 6 inches above the system, and becomes more apparent during 
subsequent increments. The remaining oil in the capillary trap stayed secure while the aqueous reservoir was kept 11 inches. 
When blue dyed aqueous phase enters the system, it displaces out the original fluids (both oil and water) in the 
system though the top ports and tubing. Capillary pressure at the top of the oil column changes correspondingly.  Fig. 
7 summarizes the observations.  
 
1 in. 2 in. 3 in. 4 in. 5 in. 
6 in. 7 in. 8 in. 9 in. 10 in. 11 in. 
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Fig.7. Demonstration of above-residual trapping of buoyant nonwetting phase in Part 2 of Experiment 2. The capillary pressure at the top of the 
oil column (blue line) increases with each increment in reservoir elevation until the total elevation reaches 9 in, at which point some oil drains 
through the overlying fine beads, gets displaced out (red line) and reduces the column height remaining in the coarse beads. This provides an 
empirical estimate of the effective entry pressure of the “seal” (the layer of 0.25 mm beads) of about 1750 Pa (orange dashed circle), somewhat 
greater than the theoretical estimate based on bead size (1334 Pa, from Table 3).  
The extent of Local Capillary Trapping persistence satisfies the following condition:  
 
Pc_entry (capillary barrier) ൒ Pc (top of oil column) ൌ Pc_gradient ൈ h accumulated oil column 
 
where Pc,gradient = Poil,gradient – Pwater,gradient, the base of the oil column is assumed to be at zero capillary pressure 
and the aqueous phase pressure gradient can be hydrostatic or greater than hydrostatic.  
 
Because the system is open, the applied gradient in potential also caused blue dyed aqueous phase to enter the 
system continuously, and the escaped oil gets displaced out of the system and collected separately. This explains the 
jump in oil displaced out between 8 inches and 9 inches in Fig. 6 and Fig. 7. The peak capillary pressure of 1575 Pa 
is a good estimate of the effective value of the threshold capillary pressure of the fine bead layer. 
 
3.3. Experiment 3 
 
The 0.25 mm beads serve as the seal formation, 0.5 mm beads serve as the store, and the 3 mm coarse bead 
column is to direct flow of the nonwetting phase into the capillary trap. The 0.5 mm beads region extended to just 
beneath the top right valve, in which, when open, will serve as a fracture/leakage pathway through the seal. The 
entire domain was first saturated with aqueous phase.  
 
Part 1: Traps filled in open system with forced pressure gradient 
To ensure the trap is filled by nonwetting phase under open boundary condition, this experiment is designed such 
that 180 degree rotation is not needed, as the red dyed nonwetting phase is directly injected from the bottom of the 
domain from the beginning (similar to Fig.2b and 2c). The closed state boundary condition experiment is thus 
replaced by the open state experiments. Because the oil reservoir is elevated, the nonwetting phase enters the 
domain and migrates due to the combined effect of a gradient in potential and buoyancy. Results of filling the traps 
under these boundary conditions are shown in Fig.8. 
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Fig. 8: Drainage process of Experiment 3 (open state), “fill and spill”. 
The region of 3 mm bead in lower left of the domain served as a preferential flow path for the rising buoyant oil 
phase; only the port near the 3 mm beads was open to admit nonwetting phase. The nonwetting phase reached and 
accumulates beneath the 0.5 mm region, which has a higher entry pressure. The nonwetting phase accumulated to a 
height where its effective capillary pressure exceeded the entry pressure of the 0.5 mm beads, and then it broke 
through the 0.5 mm region, and started to enter the first capillary trap on the left, which was an anticline-shaped 
region beneath a capillary barrier made of 0.25 mm beads.  
The 0.25 mm bead pack has a capillary entry pressure of 1735 Pa, which could hold up to about 50 cm 
nonwetting phase column accumulated beneath it. But the nonwetting phase trapped beneath the barrier in this 
experiment would never reach such height (the domain is not large enough), therefore it “spilled” to adjacent traps 
on the right when the first trap was completely filled. This “fill and spill” process propagated to the rightmost “trap”, 
a region of 0.5 mm beads continuous all the way to a valve at the top of the domain. 
 
Part 2: Testing security of capillary trapping with open state hydrostatic potential gradient 
A total of 650 ml of oil had been injected into the system; the same volume of aqueous phase was displaced out. 
Replace the oil reservoir with aqueous reservoir, and then arrange the position of both aqueous reservoirs according 
to the following Fig. 9. When the valves were all open, these two reservoirs provided hydrostatic pressure gradient 
to the system (similar to Fig.2d), by means of which an open boundary system similar to Nature (zero gradient in 
wetting phase potential; nonwetting phase can move due to buoyancy) was mimicked.  
  
    
 
 
Fig. 9: Imbibition under hydrostatic potential of Experiment 3 (open state). All liquids displaced out of the domain were collected in a measuring 
cylinder (on the left hand side of each image). The continuous liquid in the exit line terminates at the same height as the top of the domain, but 
above the oil level in the collection measuring cylinder.  
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The buoyant nonwetting phase rose; the space it vacated was filled with aqueous phase entered from the bottom 
of the system. The aqueous phase first displaced out the trapped oil phase in the 3 mm column, and then displaced a 
portion of trapped phase in the first capillary trap on the left. A significant amount of oil was still trapped beneath 
the capillary barrier. Due to the persistence of local capillary trapping mechanism, the moving aqueous phase could 
not displace all oil out of the first trap, and moved to adjacent trap to displace oil out there.  
The top right trap was directly beneath a valve, which served as a leakage pathway when opened. It mimicked 
the breaching seal situation. As we can see in the above Fig. 9, almost all accumulated oil phase in the right most 
trap was displaced out of the system through the top valves, leaving only residual oil. But the mobile nonwetting 
phase in the adjacent traps remained undisturbed. Notice that only oil has been displaced out to this time (note level 
in the measuring cylinder). 
The system reached equilibrium at around 360th minute, as no more aqueous phase entered and no more oil left 
the system. A significant portion of oil remained in the system, which demonstrated the persistence of local capillary 
trapping under hydrostatic conditions (zero gradient in wetting phase potential). 
 
Part 3: Testing security of capillary trapping with open state forced imbibition 
To test the persistence of local capillary trapping under larger applied capillary pressure, at the 1590th minute the 
aqueous reservoir connected to the bottom was raised 5 inches higher, by means of which the capillary pressure 
gradient across the domain was increased and a hydraulic potential gradient was established (Fig.2e). Therefore 
aqueous phase again flowed into the system. See Fig. 10 below.  
 
 
 
Fig.10. Experiment 3 forced imbibition in open boundary system with a higher applied hydraulic potential 
 
Although the aqueous phase again flows into the system, the oil trapped beneath capillary barriers remained 
intact. As we can see from Fig. 10 above, only water is displaced out of the system, the volume of displaced oil (in 
the cylinder on the left) remained constant.  
 
4. Conclusion 
 
The experiments conducted at imposed potential gradients larger than hydrostatic serve to demonstrate that 
above-residual trapping occurs when nonwetting phase migrates into the traps due to buoyancy. Nonwetting phase 
trapped in this fashion was displaced when gradients in capillary pressure were imposed that were large enough to 
exceed the capillary entry pressure of the sealing formation. But forced imbibition and larger-than-hydrostatic Pc 
gradient are not expected in long-term CO2 storage in natural reservoirs. Mimicking a breach of the caprock by 
opening valves at the top of the apparatus allowed buoyant mobile phase held beneath the valves to escape, but 
buoyant phase held in local traps at saturations above residual, and therefore potentially mobile, was undisturbed.  
Therefore, the practical implication of these experiments is to prove that local capillary trapping is capable of 
holding large saturation of stored CO2 in safe long-term storage. 
 
 
 Yuhao Sun et al. /  Energy Procedia  63 ( 2014 )  5284 – 5293 5293
Acknowledgements 
Thanks to sponsors of the Geological CO2 Storage Joint Industry Project at The University of Texas at Austin. 
This work was also supported by the Office of Fossil Energy, National Energy Technology Laboratory of the United 
States Department of Energy under DOE Award Number DE-FE0004956.  
References 
[1] Saadatpoor E, Bryant SL, Sepehrnoori K. New trapping mechanism in carbon sequestration. Transport in Porous Media 2010; 82(1): 3–17. 
 
[2] Sun, Y. Hernandez, A. Bryant, S. “Observation of Buoyant Plumes in Countercurrent Displacement, Influence of Local Capillary Trapping.” 
Energy Procedia, GHGT-11 (2013). 
 
[3] Sun, Y. “Investigation of Buoyant Plumes in a Quasi-2D domain: Characterizing the Influence of Local Capillary Trapping and Heterogeneity 
on Sequestered CO2” Master Thesis, University of Texas at Austin (2014). 
 
[4] Cinar, Y., Riaz, A., and Tchelepi, H. 2009. Experimental Study of CO2 Injection Into Saline Formations. SPE J. 14 (4): 588-594. SPE-
110628-PA. doi: 10.2118/110628-PA. 
 
[5] Hernandez, A. “Observations of Buoyant Plumes in Countercurrent Displacement.” Master Thesis, University of Texas at Austin (2011) 
   
  
 
 
 
